The counting efficiency for air luminescence due to 222 Rn and its daughters was determined with commercially available liquid scintillation spectrometers giving much attention to Cherenkov radiation due to β − -particles and internal conversion electrons from 214 Pb and 214 Bi. Based on the results, we propose a rapid and reliable method for preparation of known amounts of 222 Rn, which are needed for calibration of detectors measuring 222 Rn or a number of experiments using 222 Rn, without elaborate instrumentation or technique.
Introduction
The preparation of known amounts of 222 Rn is a problem common to many fields of research dealing with 222 Rn. Until now, known amounts of 222 Rn were prepared by collecting 222 Rn from a standard 226 Ra source and determining the amounts based on the secular equilibrium between 226 Ra and 222 Rn. In order to collect accurate amounts of 222 Rn by this method, it is indispensable to verify experimentally that all or a fixed fraction of 222 Rn from a standard 226 Ra source is removed and collected. In addition, the method requires a long waiting period (15−30 days) to grow 222 Rn from the source. The need for a simple and reliable method for the preparation of known amounts of 222 Rn has become apparent.
In previous papers, 1−3 the present authors determined several α-emitters including 222 Rn by measuring the luminescence counts from excited nitrogen 4 with a liquid scintillation spectrometer (LSS) and proposed a method for determining 222 Rn using the air luminescence method (ALM). However, the reported counting efficiency of the ALM for 222 Rn and its daughters ( 218 Po, 214 Pb, 214 Bi, and 214 Po) was determined with a specially modified LSS which could not be universally utilized: 1 the pulses from the sum circuit of the LSS (Model 6880, Tracor Analytic) were fed into an amplifier and then to a 1024-channel pulse-height analyser. Therefore, the counting efficiency of air luminescence due to 222 Rn and its daughters was determined with LSSs by use of known amounts of 222 Rn which were standardized by measuring γ-rays from 214 Pb with a Ge well detector. Much attention was also given to Cherenkov counting efficiency due to β − -particles from 214 Pb and 214 Bi and the counting efficiency for the short-lived daughters, 5 some of which were assumed to be attached to the wall of the counting vial for LSS. 6 In the present study, the counting efficiencies of air luminescence due to 222 Rn and its daughters were determined for several LSSs. Based on the counting efficiencies obtained, we offer a simple, rapid and reliable method for preparing known amounts of 222 Rn without elaborate instrumentation and technique. Some significant advantages of the proposed method are that the time required for the preparation of known amounts of 222 Rn is only 3.5 h, and that the 226 Ra source, from which 222 Rn is collected, does not necessarily have to be a standardized one, because we do not determine 222 Rn based on the secular equilibrium between 226 Ra and 222 Rn. We can obtain known amounts of 222 Rn simply by measuring 222 Rn that is actually transferred and stored in the counting vial. Therefore, we need not verify that all of the 222 Rn from the 226 Ra source was removed and collected. Disadvantages of the conventional method for preparing known amounts of 222 Rn are also discussed in some detail.
Exactly, the luminescence in this study should be termed "nitrogen luminescence". However, "air luminescence" was employed in conformity with the expression used in the previous papers. 1 −3, 7 2. Experimental 222 Rn Sample. One hundred milliliters of 226 Ra solution ( 226 RaCl 2 in 0.1 M HCl) was enclosed in a 200 mL flask with a rubber stopper. 222 Rn was collected from the air space above the 226 RaCl 2 solution with a syringe and added to air in a quartz tube of 0.7 cm internal diam and 4 cm long, both ends of which were closed with silicone rubber stoppers (Figure 1 ), yielding a volume of 1.15 cm 3 . 222 Rn in the tube was allowed to remain for 3.5 h before measurement. During the time, Measurements. The radioactivity of 222 Rn was determined through its daughter 214 Pb by measuring γ-rays from 214 Pb with a well type Ge detector (Model GCW1521, Canberra Industries). This system had a 1.9 keV resolution (FWHM) at 1.33 MeV and relative efficiency of 17.1%.
The full energy peak efficiency of the Ge detector was obtained by measuring two types of γ-ray standard sources: the EGP type γ-ray standard sources of 57 Co, 60 8 The EGP type γ-ray standard source, the point source which is attached to an end of a plastic rod, was mounted at every 0.25 cm along the axial line of the well of the Ge detector between positions P 1 and P 2 (Figure 2 ) and counted for 5 min each. By averaging the results obtained for EGP type source, the full energy peak efficiencies for the γ-emitters, which are assumed to be uniformly distributed in the quartz tube, can be calculated.
The standard solution ( 131 I or 203 Hg) was transferred into a quartz tube, which is identical to that for the 222 Rn sample, and mounted in the well of the Ge detector and counted for 5 min.
The energy and abundance of γ-ray from 214 Pb used for the determination were 0.352 MeV and 35.85%, respectively. 8 The full energy efficiencies obtained for the γ-ray standard sources gave a straight line on log-log scale in the energy range of 0.279 MeV to 1.333 MeV (Figure 3 ). The equation fitted to the linear part of the experimental data in Figure 3 , which was calculated by a least squares method, is given by log Y = -1.029 log X + 0.8597 (1) where Y is the full energy peak efficiency expressed in percent and X is the γ-ray energy expressed in MeV. Thus, the full energy peak efficiency for 0.352 MeV γ-ray was estimated to be (21.2 ± 0.4)%.
The full energy peaks of 214 Pb were counted at least 1800 counts to limit the statistical error to less than 2.4%. The dead time losses were always less than 1%. No peaks which seem to be due to sum effects were observed. Thus, 222 Rn in the quartz tube was standardized based on the 214 Pb activity.
The background of LSS was determined by measuring a liquid scintillation counting vial, which was full of air and sealed with air-tight cap. The background sample was allowed to remain for ca. 60-days before measurement. Consequently, 222 Rn and its daughters in the background sample, if present, could be almost completely decayed. The background was observed to be constant within statistical error. After the γ-ray spectrometric determination of 222 Rn, the quartz tube containing 222 Rn and its daughters was put in the liquid-scintillation-counting vial and, after sealing with a silicone rubber stopper, the counting vial was shaken until the quartz tube in the vial was broken. The sample which contains the equilibrium mixture of 222 Rn and its daughters is hereinafter referred to as the "standard 222 Rn sample". Table 1 lists the standard 222 Rn samples containing a wide variety of 222 Rn prepared in a similar manner as described above. It has to be stated here that determination of low-level 222 Rn samples with a Ge well detector is impractical because it requires a rather long counting period, although it is a method of choice for a limited number of samples. The air luminescence counts of the standard 222 Rn samples were measured with LSSs for 30 min ( Table 1 ).
Results and Discussion
The counting efficiency (ε α ) of the standard 222 Rn sample obtained by ALM is given by the relation
where A air is the air luminescence count rate of the standard 222 Rn sample and S is the total disintegration rate of the standard 222 Rn sample, i.e., the total disintegration rate of 222 Rn and its daughters. It is noted that the total disintegration rate of the standard 222 Rn sample is 5 times the activity of 222 Rn. Table 1 lists the total disintegration rates of the standard 222 Rn samples and the counting efficiencies by the ALM for several LSSs. The average counting efficiency was calculated based on the weighting factor, which is inversely proportional to the standard deviation of individual ε α .
The counting efficiencies are in the range of 21.5% to 45.8%, because the counting efficiency by the ALM is a function of the optical properties of the system (e.g., optical coupling, light collection, reflection), the properties of the photomultiplier tubes (quantum efficiency, multiplication, spectral response), and the properties of the electronic circuit.
The air luminescence counts of the standard 222 Rn samples Morita-Murase 24 J. Nucl. Radiochem. Sci., Vol. 4, No. 2, 2003 were also measured with the low level counting mode (LLCM) of the Tri-Carb LSS (3170TR/SL) ( Table 2 ). The LLCM of the instrument excludes most of the pulses which are not produced in the liquid scintillator (LS). The use of the LLCM for measuring the air luminescence counts is impractical, because air luminescence counts are not produced in the LS. However, it must be emphasized that when the standard 222 Rn samples were measured with the normal counting mode of the instrument, rather practical counting efficiency for the air luminescence was obtained ( Table 1) .
As has been reported in the previous papers, 1−3 ε α measured in this way is the sum of the following three counting efficiencies:
where ε u is the counting efficiency for α-emitters which are uniformly distributed in the air in the counting vial and do not attach to the wall of the counting vial (unattached daughters), ε a is the counting efficiency for α-emitters which are attached to the wall of the counting vial, and ε c is the Cherenkov counting efficiency due to β − -particles from 214 Pb and 214 Bi in the counting vial. Determination of ε u , ε a , and ε c for an Aloka LSS have been reported. 6 The results can be summarized as follows: The value of ε u was determined by measuring the air luminescence counts due to α-particles from a standardized 210 Po source (which was electroplated on a silver disc) at different positions in the counting vial with the LSS. ε u = (the air luminescence count rate/the α-emission rate) × 100%.
In spite of the different positions of the source in the counting vial, the measured counting efficiencies showed good agreement with each other, and ε u could reasonably be taken as the average of those values, i.e., (67.5 ± 0.4)%. On the other hand, a part of the short-lived daughters of 222 Rn seem to be attached to the wall of the counting vial and are supposed to be counted with 2π geometry. Therefore, ε a is ca. (1 / 2) × (67.5 ± 0.4) = (33.8 ± 0.2)%. It is noted that the β − -emitters do not produce an air luminescence count and that 222 Rn, which has a relatively long half-life (3.82 d), is assumed to be unattached to the wall of the counting vial. Beta-particles from 214 Pb (av. E β -= 0.220 MeV) 9 and 214 Bi (av. E β -= 0.641 MeV) 9 in the counting vial gave off Cherenkov radiation by interacting with the wall of the counting vial, and gave additional count rates. In order to determine ε c , we prepared and standardized a variety of β −emitters and radionuclides which emit internal conversion electrons, and measured the Cherenkov radiation with the Aloka LSS. The values of ε c , which are plotted as functions of the average energy of β − -particles and the internal conversion electrons, gave a straight line on the log-log scale. Based on the results, the values of ε c for 214 Pb and 214 Bi were found to be (3.7 ± 0.2)% and (32.9 ± 1.3)%, respectively. 5 Cherenkov radiation may also be produced if the energy of photoelectron and Compton electrons due to γ-rays is greater than the threshold energy of a medium, e.g., the glass wall of the
